MULTIPLE LOCAL AND GLOBAL STRESS RESPONSES are elicited within minutes of the onset of myocardial ischemia (20, 25, 30) . Ischemia causes necrosis and rupture of cells within the infarct zone with the release of cellular constituents into the interstitial fluid, resulting in the spread of injury beyond the original ischemic region. In myocardial samples from patients who died of acute myocardial infarction, the majority of cells positive for apoptosis were located in the zone bordering the infarct area (32) . Similarly, the border zone exhibited the highest percentage of apoptotic cells in rat hearts after myocardial infarction (31) .
The output from infarct zone cardiomyocytes is composed of products of stress responses triggered by ischemia-reperfusion as well as molecules and organelles modified during the development of necrosis due to massive oxidative damage. Anoxic and reoxygenated cells release a complex mixture of cellular debris and soluble factors, including VEGF, TNF-␣, basic FGF, prostaglandins, various pro-and anti-inflammatory ILs, catecholamines, ANG II, interferon, and many others (6, 8, 14, 20, 25, 28, 30, 33, 35, 39, 41) . Several of these molecules are released in concentrations that are capable of triggering injury in nonischemic cells (29, 35, 37, 43) .
Clearly, the effects of multiple injury signals cannot be prevented by targeting a single facet of ischemia-reperfusion. It is therefore not surprising that numerous studies focused on a single pathway for limiting cardiac injury (such as ROS inhibitors, Ca 2ϩ channel blockers, TNF-␣ blockers, ANG II receptor blockers, and others) have produced only limited benefits and inconsistent outcomes (21, 36) . To overcome fundamental limitations of a single pathway approach, we attempted to test inhibition of endocytosis, a common denominator for most receptor-dependent and -independent mechanisms of entry into the cell, as a means of blocking entrance of all injurious signals originating from the infarct zone into nonischemic cardiomyocytes.
MATERIALS AND METHODS
Reagents. HL-1 cardiomyocytes were purchased from the American Type Culture Collection (ATCC; Manassas, VA) and cultured in Claycomb medium (SAFC Biosciences, Erie, PA) supplemented with 10% FBS, 2 mM L-glutamine (Invitrogen, Carlsbad, CA), and 0.1 mM norepinephrine (Sigma-Aldrich, St. Louis, MO) at 37°C under 5% CO 2. Primary antibodies for the detection of beclin-1 and NADPH oxidase subunit p22 phox were purchased from Santa Cruz Biotechnology (Santa Cruz, CA), for CD36 and lectin-like oxidized low-density lipoprotein (LDL) receptor-1 (LOX-1) from Abcam (Cambridge, MA), and for SOD2 from Cell Signaling (Danvers, MA). LOX-1-neutralizing antibody was a generous gift from Dr. Tatsuya Sawamura (National Cardiovascular Center, Osaka, Japan). The inhibitor of endocytosis dynasore was purchased from Santa Cruz Biotechnology, dissolved in DMSO (200 mM), and used in experiments at a concentration of 50 M. Preliminary experiments have shown that dynasore at this concentration is not cytotoxic after 4 h of exposure (not shown).
Anoxia/reoxygenation. Experiments were performed using a Controlled Atmosphere Chamber (PASS USA, Lansing, MI). Claycomb growth medium supplemented with 10 mM HEPES was depleted of oxygen overnight in the presence of pure nitrogen. Cells plated in 6-or 12-well plates and cultured to 80 -90% confluence were transferred to the chamber and incubated in oxygen-depleted medium for 6 h at 37°C in the presence of pure nitrogen. Upon completion of anoxia, plates were removed from the chamber and placed in an incubator in oxygen-containing growth medium for reoxygenation for 1 h (flow cytometry and fluorescent microscopy) or 2 h (Western blot analysis). For experiments using conditioned media, cells were incubated in media taken from the cultures exposed to anoxia or anoxia-oxygenation for 4 h.
Primary mouse cardiomyocyte isolation and culture. Hearts of neonatal mice were aseptically removed from the chest cavity and washed twice in PBS on ice. After a wash, hearts were minced into small 0.5-to 1-mm pieces and trypsinized for 30 min in an incubator at 37°C. After trypsinization, heart fragments were passed five to six times through a 5-ml pipet every 10 min to facilitate the release of cells. Suspensions of cells were centrifuged at 800 g for 6 min, and the pellet was resuspended in DMEM containing 20% FBS and penicillinstreptomycin (ATCC). Cells were plated on a 12-well plate with the number of seeded wells corresponding to the number of processed hearts. After 24 h of incubation, the growth medium was replaced, and cells were cultured for 3-7 days. Experiments were conducted on cultures with significant numbers of robustly contracting cardiomyocyte clusters. All animals were treated in accordance with National Institutes of Health guidelines. The study protocol was approved by the Central Arkansas Veterans Healthcare System Animal Care and Use Committee.
MTT assay. Cell metabolic activity was assessed using MTT assay kit (ATCC) according to the manufacturer's instructions. Absorbance at 570 nm was measured using a microplate reader.
ROS measurements. Total cellular ROS generation was evaluated using fluorescent microscopy and flow cytometry using CellROX (Invitrogen, Carlsbad, CA). Mitochondria-specific superoxide production was measured by the MitoSOX red probe. Both probes were added to cells at concentrations of 5 M for 30 min at the end of the respective exposure periods and then removed by washing cells three times in 1ϫ PBS.
Transfections. HL-1 cells (85-90% confluent) were transfected with either oxidized LDL receptor-1 cDNA constructs (Origene, Rockville, MD) or pPAmCherry-Mito vector (Clontech, Mountain View, CA) using Lipofectamine 2000 (Invitrogen) in accordance with the manufacturer's instructions.
Preparation of oxidatively damaged cellular debris. HL-1 cardiomyocytes transfected with pPAmCherry-Mito vector were exposed to 4 mM H 2O2 for 16 h. Necrotic cells were collected, resuspended in saline, and sheared by multiple passages through a 21-gauge needle.
Alexa fluor transferrin and QTracker 655 uptake analysis. Before the transferrin-internalization assay, transferrin present in serum was removed by two washes with serum-free Claycomb medium (10 mM HEPES). Cells were then incubated Alexa fluor 488-or 594-conjugated transferrin at a final concentration of 5 g/ml. After 30 min, extracellular transferrin was removed using an ice-cold acid solution containing 0.2 M acetic acid and 0.5 M NaCl followed by neutralization with PBS. Cells were then fixed with 4% paraformaldehyde in PBS for 10 min at room temperature. Qtracker 655 was added to cell cultures at a final concentration of 15 nM for 30 min. After the completion of incubation, cells were washed with PBS three times and fixed with 4% paraformaldehyde in PBS for 10 min at room temperature.
Clock-scan analysis. The evaluation of intracellular distributions of vascular-endothelial (VE-)cadherin, p120 catenin, and ␤-catenin was performed using clock-scan analysis (7) designed for the analysis of convex objects (such as cells in culture). The method allows for the scaled determination of radial pixel intensity profiles scanned from the cell center to the periphery while averaging these individual profiles into one integral radial pixel intensity profile. This allows direct comparison of profiles of different cells.
Western blot analysis and immunocytochemistry were performed using standard protocols.
Statistical analysis. Data are presented as means Ϯ SD. Statistical analysis was performed with SPSS 11.5 software. Multiple comparisons were analyzed by one-way ANOVA. P values of Ͻ0.05 were considered to be significant.
RESULTS
Anoxia and reoxygenation result in massive increase in mitochondrial ROS production and the development of various stress responses. After 1 h of anoxia, the signal generated by the mitochondria-specific superoxide indicator MitoSOX was reduced compared with normoxic cultures (data not shown). After 6 h of anoxia, the mitochondrial signal was absent, although fluorescence intensity dramatically increased in the cytoplasm and nucleus (Fig. 1A) . Reoxygenation restored the mitochondrial localization of MitoSOX, and the strength of the signal was considerably higher than in control cells. Mitochondrial ROS output was ϳ10-fold higher than in the control within the first 60 min of reoxygenation (P Ͻ 0.01). The signal from the cytoplasmic oxidant stress marker CellROX increased 2.3-fold in anoxic cells (P Ͻ 0.05) but remained close to control values in reoxygenated cultures (Fig. 1B) . The MTT assay showed that the reduction of MTT into formazan by mitochondrial succinate dehydrogenase was reduced in anoxic cells and enhanced in reoxygenated cultures (not shown).
There was a marked upregulation of several proteins involved in the response to oxidative stress during anoxia and reoxygenation (Fig. 1C) . Expression of scavenger receptors CD36 and LOX-1 doubled during anoxia and reoxygenation (P Ͻ 0.05). In addition, there was an almost twofold increase of NADPH oxidase subunit p22 phox content (P Ͻ 0.05) and a similar, albeit not significant, rise of p47 phox (not shown) during anoxia and reoxygenation. Finally, there was a significant upregulation of beclin-1 and SOD2 (P Ͻ 0.05), indicative of stimulation of autophagy and antioxidant defense, respectively.
Responses of healthy HL-1 cells to conditioned media are similar to those in cells directly exposed to anoxia/reoxygenation. To mimic injury export from infarct zone to border zone cardiomyocytes, we incubated nonischemic healthy HL-1 cardiomyocytes in media collected from anoxic and reoxygenated cultures (Fig. 2) . After 1 h of incubation in the conditioned medium from anoxic cells, generation of mitochondrial ROS did not change appreciably. In contrast, mitochondrial ROS production dramatically increased almost 10-fold when healthy cells were incubated in media from reoxygenated cultures ( Fig.  2A) . Cytoplasmic ROS production generally mirrored that observed in directly exposed cultures and showed a moderate increase only in response to conditioned media from anoxic cells (1.4-fold, P Ͻ 0.05; Fig. 2B ).
Nonischemic cardiomyocytes also exhibited significant upregulation of NADPH oxidase subunit p22 phox , SOD2, and beclin-1 (P Ͻ 0.05 vs. cells exposed to control medium; Fig.  2C ). Similarly, LOX-1 content increased significantly (P Ͻ 0.05), whereas CD36 remained relatively constant.
Anoxia and reoxygenation induce bidirectional changes in endocytosis activity. Analysis of transferrin uptake by flow cytometry revealed that anoxia had the greatest negative impact on transferrin uptake, whereas reoxygenation tended to restore it, although it still remained below baseline (Fig. 3A) . The pattern of subcellular distribution of Alexa fluor 488 transferrin, however, was more complex (Fig. 3B) . In control cultures, the bulk of the signal accumulated in the perinuclear space. Anoxia resulted in disappearance of the perinuclear signal and accumulation of the marker outside of the membrane, which is indicative of nearly complete collapse of clathrin-mediated endocytosis. Reoxygenation resulted in a significant increase of the cytoplasmic presence of transferrin, presumably, in early endosomes. Healthy cells incubated in conditioned media from anoxic and reoxygenated cultures displayed patterns of subcellular distribution of transferrin that were very similar to control cultures. Cells subjected to anoxic conditioned medium exhibited about twofold smaller perinuclear signals and increased concentrations of marker in the cytoplasm. In contrast, cells incubated in conditioned media from reoxygenated cultures exhibited a significantly greater presence of transferrin around the nucleus (P Ͻ 0.05) than in control cultures, which is suggestive of enhanced endocytosis.
Next, we analyzed the activity of receptor-independent fluid-phase endocytosis using Qtracker 655 nontargeted quantum dots with polyethylene glycol coating and, therefore, neutral surface charge. In control cells, Qtracker displayed uniform cytoplasmic distribution with very modest variations in intensity between cells (Fig. 3C ). Anoxia and reoxygenation did not affect its diffuse cytoplasmic localization but greatly increased variability in the intensity of the signal, ranging from moderately higher to very high (Fig. 3C) . In cultures incubated in conditioned media, variability remained similar to control values, although the intensity of the signal was 20 -30% higher (P Ͻ 0.05).
Inhibition of endocytosis blunts or reverses responses to injury signals in healthy HL-1 cells.
To test whether scavenger receptors recognize oxidatively modified debris, we transfected HL-1 cells with a mammalian vector containing human LOX-1. Other cultures were transfected with pPAm-Cherry mitochondria-specific vector. The suspension of debris from H 2 O 2 necrotized cells with labeled mitochondria was applied to LOX-1-transfected cultures. The debris preferentially bound cells overexpressing LOX-1 (not shown). Next, we determined that HL-1 cells incubated with conditioned media from anoxia/ reoxygenation cultures avidly capture debris from necrotic cells (Fig. 4A) . Pretreatment of cells with LOX-1-neutralizing antibody reduced capture by Ͼ50% (P ϭ 0.05). Broad suppression of endocytosis with the dynamin 1 and dynamin 2 inhibitor dynasore, however, practically abolished binding of debris to cardiomyocytes (P Ͻ 0.01).
Next, we tested known mediators of the stress response to myocardial ischemia, TNF-␣ and ANG II, and used the MTT assay as an indicator of metabolic activity (Fig. 4B) . In HL-1 cells maintained in control growth medium, TNF-␣ stimulated metabolic activity at concentrations of 10 -100 ng/ml. ANG II resulted in similar stimulation at 10 Ϫ7 M, whereas the 10 Ϫ6 M concentration did not cause any significant changes in MTT activity (Fig. 4B) . Incubation of cells in the anoxia/reoxygenation conditioned medium, however, made use of TNF-␣ and ANG II concentrations cytotoxic. Importantly, the addition of dynasore to conditioned media reversed this effect and, instead of a reduction of metabolic activity, led to its consistent stimulation.
Dynasore prevents the TNF-␣-mediated increase in mitochondrial ROS production in mouse primary cardiomyocytes.
To evaluate the effects of endocytosis inhibition in primary cells, we isolated cardiomyocytes from neonatal mice. To address the necessity of distinguishing between fibroblasts and cardiomyocytes in the mixed culture, we used MitoSOX. Indeed, there was a clear distinction between fibroblasts and contracting cardiomyocytes, which exhibited dramatically brighter signals (Fig. 5A) . Similarly to HL-1 cells, the application of dynasore resulted in a significantly lower (by ϳ50%, P Ͻ 0.05) uptake of transferrin (Fig. 5B) . Exposure of cardiomyocytes to 100 ng/ml TNF-␣ for 1 h resulted in an Ϸ20% increase of mean density of fluorescence related to mitochondrial ROS production. Importantly, pretreatment of cells with dynasore prevented the increase in mitochondrial ROS production in response to TNF-␣ (Fig. 5C) . These experiments in mouse primary cardiomyocytes largely confirm the data obtained in HL-1 cells.
DISCUSSION
This study was performed in HL-1 cells and primary mouse cardiomyocytes to test the postulate that modulation of endocytosis may be the key to preventing the export of injury beyond the infarct zone. The internalization of injury signals into nonischemic border zone cells, whether receptor mediated or receptor independent, depends on this mechanism. Large fragments are processed through phagocytosis. Fluid-phase uptake via macropinocytosis does not depend on receptormediated ligand recognition and capture. It is regulated by a variety of growth factors (24) and involves the encasement of interstitial liquid by membrane protrusions. Clathrin-mediated endocytosis is a canonical portal for receptor-ligand complexes. Complete disruption of clathrin pit formation is incompatible with life (22) . It is responsible for several aspects of nutrient and ion uptake (LDL and transferrin), regulation of signal transduction (EGF, insulin, transforming growth factor-␤, and TNF-␣), and internalization of several other receptors relevant to injury import, such as ␤-adrenergic receptors, IL-1 receptors, and ANG II type 1 receptors (4, 12, 27, 34, 44) . Caveolae-dependent endocytosis concerns lipid-rich membrane microdomains that harbor scavenger receptors (CD36 and scavenger receptor-B1) as well as receptors for PDGF, EGF, advanced glycation end products, acetylcholine (M 2 ), catecholamines, and LOX-1 (1). The phenomena of increased cytosolic production of ROS and generation of mitochondrial superoxide upon anoxia/reoxyenation (Fig. 1A) are well established and have been observed in different cellular systems in vitro and in vivo (40, 46) . Interestingly, the anoxic cells in our study demonstrated migration of the MitoSOX signal to the cytoplasm and nucleus with overall signal output comparable to reoxygenated cells. This is likely caused by anoxia-mediated loss of mitochondrial membrane potential and consequent impairment of the ability of MitoSOX to selectively accumulate in mitochondria. As a result, a portion of MitoSOX functioned as a cytoplasmic marker of superoxide production in anoxic cells. The accumulation in the nucleus is likely due to the ability of this derivative of ethidium bromide to act as an intercalator. In fact, the fluorescence signal of MitoSOX increases when it interacts with DNA (16). It should also be noted that detection of ROS production using fluorescent probes is a methodologically thorny issue. A recent study (45) has shown several limitations associated with hydroethidine-based fluorogenic probes, and conditions leading to the loss of mitochondrial membrane potential are, apparently, one of them.
Importantly, oxidative stress and signaling evoked by anoxia and reoxygenation were transferrable to intact healthy nonischemic cardiomyocytes by conditioned media from cells directly exposed to anoxia-reoxygenation. The efficiency of transmission of stress by soluble factors almost equaled direct exposure of cells to anoxia and reoxygenation, especially with regard to mitochondrial ROS production. In our simulations of the border zone environment, we observed an increase in the activity of clathrin-mediated and fluid-phase endocytosis. This suggests that border zone cardiomyocytes are not only exposed to multiple injurious signals but are also primed to import them with greater efficiency.
To test our main postulate, we examined the therapeutic potential of inhibition of endocytosis by mimicking injury to border zone cardiomyocytes. Much of the injury to border zone cells is caused by cytokines, ANG II, and cellular fragments derived from necrotic cells. The cytokine TNF-␣ has been shown to be a marker of acute ischemic injury to the heart with a significant prognostic value in relation to outcome (38) . Increased production of ANG II has been linked to the development of apoptosis in border zone after anoxia with or without reoxygenation (17) . Indeed, in our experiments in HL-1 cells, both TNF␣ and ANG II were shown to induce injury (Fig. 4D) . Primary cardiac myocytes also showed evidence of oxidant stress when exposed to TNF-␣ (Fig. 5C ). In both HL-1 cells and primary cardiomyocytes, pretreatment with dynasore prevented cytokine-induced injury. Cardiomyocytes have been also shown to be capable of internalizing cells and big cellular fragments (11) , and, although, the pathophysiological consequences of these events have not been studied, it can be surmised that uptake of oxidatively modified debris from necrotic cells should trigger multiple survival and stress mechanisms, including autophagy and apoptosis. Extensive lipid peroxidation precedes necrosis (42) and results in a range of oxidatively modified lipids, many of which have direct proapoptotic effects (10) . Severely damaged cells and organelles lose lipid symmetry in the membranes (18) manifested by externalization of oxidatively modified phospholipids (15, 18) , which, in turn, allow the recognition of apoptotic and necrotic cells by scavenger receptors. Expression of CD36 and LOX-1 has been reported in cardiomyocytes (3, 19, 23) . In the heart, CD36 is an intrinsic element of cardiomyocyte contraction-dependent regulation of long-chain fatty acid uptake (26) . CD36 expression declines during ischemia (13) following the logic of preferential utilization of glucose as a more suitable fuel for anaerobic conditions (9) . Unlike CD36, LOX-1 is significantly upregulated in the ischemic heart (3, 19) .
In the present study, we showed that LOX-1 captures oxidatively modified cellular debris and that ablation of LOX-1 using LOX-1-neutralizing antibody significantly reduces the affinity of cellular fragments to intact cardiomyocytes incubated in the anoxia-reoxygenation conditioned medium. As expected, the observed inhibition was only partial. The complexity of the fragments' composition implies that they can be targeted by a number of receptors (2) . Importantly, application of dynasore prevented most of the debris from binding to cardiomyocytes, thus bypassing the problem of multiple receptor involvement. Otherwise nontoxic concentrations of TNF-␣ and ANG II exerted cytotoxic effects in combination with conditioned media from anoxia-reoxygenated cells. This is in line with our expectations based on increased activity of endocytosis and, therefore, the possibility of exaggerated responses to stimuli in the cells subjected to soluble factors accumulated in conditioned media. The cancelation and even reversal of the negative impact of conditioned media by dynasore further underscore the role of endocytosis in the development of cardiac injury.
It is important to note that the experimental model used in this study only partially approximates complex events occurring in the heart subjected to ischemia-reperfusion. It does not account for the effects of increased mechanical stress on surviving cardiomyocytes. It lacks an inflammatory component that plays a very significant role in the development of cardiac injury in vivo (5) . For example, it is unclear how global inhibition of endocytosis would affect the recruitment of neutrophils, intensity of the inflammatory response, rate of clearance of cellular debris from the infarct zone, and subsequent remodeling. All these and many other questions will need to be answered in additional studies.
In summary, we present a novel paradigm to limit cardiac injury by suggesting that inhibition of endocytosis during acute anoxia/reoxygenation: 1) allows neutralization of multiple injurious signals released during acute myocardial ischemia and 2) in most cases is more effective than inactivation of a specific single receptor. This approach is devoid of limitations inherent to therapies based on specific receptor-ligand interactions and addresses the problem of injury export as a whole in the setting of acute ischemia and reperfusion. Our experiments based on HL-1 cardiomyocytes and primary mouse cardiomyocytes also suggest that a wholesale strategy for the reduction of injury export to nonischemic border regions based on inhibition of endocytosis may be superior to narrow pathway-specific interventions and, therefore, merits further investigation. 
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